SIZE-FREQENCY DISTRIBU” 110NS OF ROCKS ON
MARSAND EARTH ANALOG SITES
IMPLICATIONS FOR FUTURE T,ANI)ICI) MISSIONS

M. Golombek and D. Rapp

Jet Propulsion Laboratory

California Institute of Technology
Pasadena, CA 91109

Submitted, February 12, 1996, to

Journal of Geophysical Research, Planets
Specia Mars Pathfinder Issue

Revised October 19, 1996




ABSTRACT

The size-frequency distribution of rocks at the Viking landing sites and a variety of rocky
locations on the Earth that formed from a number of geologic processes al have the general
shape of simple exponential curves, which have been combined with remote sensing data and
models on rock abundance to predict the frequency of boulders potentially hazardous to future
Mars landers and rovers. Rock data from the near field of the Viking landers where dimensions
can be measured accurately in stereo images and estimates from (he far field of Viking 1 have
convex up curved shapes on log-log graphs of cumulative frequency per square meter or
cumulative fractional area versus diameter. The rock data show a sharp drop-off at large
diameters and a progressive approach to a plateau with decreasing diameter (approaching, the
total rock coverage), which can be fit well with smple exponential functions. Similar shaped
size-frequency distributions of rocks arc found at a wide variety of rocky surfaces on the Earth
and can be fit well with simple exponential functions. This distribution is compatible with
fracture and fragmentation theory, which provides a physical basis for its wide application. A
combined fit to rock area data at both Viking sites was made with a general exponential function,
in which the pre-exponential is the total area covered by rocks. Simple linear height versus
diameter relationships were also derived from height-diameter ratios at the Viking sites, which
suggest that rockier areas on Mars have higher standing rocks than less rocky areas. Height was
then substituted into the general exponential function derived for diameter, yielding the
cumulative fractional area of rocks versus height for any given total rock coverage on Mars.
Results indicate that most of Mars is rather benign with regard to hazards from landing on large
rocks. For total rock coverage of 8%, equivalent to modal rock coverage on Mars and the Viking
1 site without the outcrops, about 1 % of” the surface is covered by 20 cm or higher rocks. A
lander designed to accommodate landing on 0.5 m high boulders, such as the Mars Pathfinder
airbag system, could land on a surface covered by about 20% rocks, similar to the Viking 2 site

(which is rockier than -95% of the planet), with -1% of the surface covered by rocks of 0.5 m or

higher.



INTRODUCTION

Predicting the size-frequency distribution of rocks at different locations on Mars is
difficult owing to the limited data set (ground truth from only two small sites at the surface) and
yet is critical for determining potential hazards for future Mars landers. In this paper, the size-
frequency distribution of rocks arc reviewed at the two Viking landing sites with specia
reference to larger rocks that could be hazardous to alander. The data arc described in terms of
simple mathematical expressions which provide an approximate means of extrapolation to any
location on Mars from relationships between the rock frequency curves and remote sensing data.
The extrapolations provide a ready mechanism for predicting the size frequency of rocks at any
location on Mars for which the total rock coverage is known, which can be used for calculating
the probability of a hazardous landing for any proposed landing system. The sim-frequency
distributions of rocks at a variety of rocky sites on the Earth arc also presented and it is found
that there is considerable similarity to the distributions found on Mars. Results of this work
imply that Marsis actually arelatively benign environment with respect to hazards of landing on

large rocks for the Mars Pathfinder mission,

SIZE-FREQUENCY DISTRN3UTIONS OF ROCKS ON MARS
Background

Plots of the distribution of rocks versus diameter at the two Viking landing sites have
been used to suggest a power-law distribution [Binder et a., 1977; Moore et al., 1979], which
has been used historically in the analysis of crater and rock siz,c-frequency distributions on the
Moon [e.g., Shoemaker and Morris, 1969; 1 lutton, 1969; Moore et a., 1969]. Moore and Keller
[199 1 ] suggested that power-law functions could be used to describe rock populat ions for
diameters greater than 0.1 m, in the absence of more detailed data on rock populations on Mars.

As aresult, the following relationships have been used by the engineering cornmunity to estimate




the size-frequency relation and fractional arca covered by rocks on Mars [e.g., Moore, 1988;
Moore and Jakosky, 1989; Moore and Keller, 1991].

N(D) =K 1260 (1)
and

(D) = ¢ DO ®)
where N(D) is the cumulative number of rocks pcr square meter with diameter greater than or
equal to a given diameter D (where D is in meters), I{(ID) is the cumulative fractional area
covered by rocks of a given diameter or larger and C and K arc constants, which arc derived
from the cumulative number or area of rocks greater than or equal to 10 cm size. Ior the Viking
2 site, K is 0.013 and C is 0.0408 [Moore rind Jakosky, 1989]. Moore and Keller [1991] even
suggested that C could be fit to the thermal inertia rock abundance estimates by Christensen

[1986] for any location on Mars.

Analvsis of Viking Data

In general, the data on occurrence of various rock diameters may be plotted as histograms
of number of rocks at each site at each diameter (diameters arc average of length and width,
measured to nearest cm) as shown in Figures 1 and 2 (data are from Moore and Keller 11990,
1991 ] for over 400 rocks over areas of -84 m? from stereo measurements at the Viking sites,
without the large, flat and benign outcrops at the Viking 1 site). 1 lowever, in this paper where wc
arc primarily concerned with estimating potential landing hazards for future Mars landers, it is
more valuable to deal with the cumulative number of rocks per square meter versus rock
diameter and the cumulative fractional area covered by rocks versus diameter, integrating from
the largest to smallest rock sizes. In this form, the number of rocks (or fractional arca of recks)
greater than any diameter provide the critical information needed for landing hazard analysis and
has been a common representation in the scientific literature [Moore et al., 1979; Malin, 1988,
1989].

Figures 2 and 3 show that Moore's equation 1 dots a reasonably good job of fitting the

number versus diameter relationship for reek diameters greater than about 0.2 m at the Viking 2

3.




site, but the power law overestimates the number of rocks at smaller diameters. Even though the
power law appears to fit the data for diameters greater than 0.2 m, closer inspection of the data
for the larger rock sizes (diameters greater than 0.4 In at Viking 1 and greater than 0.6 m at
Viking 2) reveals that the slope of these data points is much stecper than the power law function,
so that extrapolating the power law function to larger sizes will overestimate the number of large
rocks.

In Figure 4, the cumulative fractional area covered by rocks of a given size or larger is
plotted against diameter along with the power-law function suggested by Moore (equation 2) for
the Viking 2 site. The data for either landing site clearly do not follow a straight line and the
misfit with the power-law of equation 2 is severe at large and small rock diameters. Over the
range of rock diametersfrom 0.2 to 0.4 m, the power law function provides a reasonable fit to the
data. 1 lowever, the power law significant] y overestimates the cumulative area covered by rocks
larger than 0.4 m diameter, which is of primary importance in determining the probability of a
hazardous landing, and overestimates the cumulative area of rocks smaller than about 0.2 m.

The shapes of the cumulative area curves described by the data appear real and cannot be
made into a straight line; there are not enough small rocks and the area covered by thcm is too
little to make up for the deficiency at small reek diameter, and there are too few large diameter
rocks at tbc two Viking sites. Even adding smaller rocks (less than about 0.2 m diameter)
potentially covering up to an additional 4% of the surface [Moore and Keller, 1991] or rocks
potentially shadowed by large rocks beyond a few meters from the lander cannot steepen the
curve enough to match a straight line. The disparity at small diameters IS not important so long as
the power law equation is not applied to smal | diameter rocks. However, the disparity at large
diameters is very important because the rock areas associated with the large diameters predicted
by the power law equation lead to significant areas covered by larger rock sizes. For example, the
data for the Viking 2 site suggest less than 1 % of the surface is covered by rocks of 1 m diameter
or greater, whereas the power law function suggests ailmost an order of magnitude greater surface

area covered by such large (and potentialy hazardous) boulders.




Eixponential Size-Frequency Distributions

The size-frequency data for rocks at (he two Viking sites on log-log plots better describe,
acurve rather than a straight line defined by a power law [e.g., Malin, 1988, 1989]. These curves
can be fit empirically with simple exponential functions, which appear to better describe rock
populations in theory and practice (see later discussion),

N(D) =L exp{-SD} (3)

FD)=kexp{-qD) (4)
as shown in Figures 3 and 4. In these equations, 1. represents the total number of rocks of all
sizes per sguare meter, k represents the fraction of surface area covered by rocks of al 1 sizes
(total rock coverage), and s and q arc exponents. Least square curve fits arc excellent, with
correlation coefficients of 0.96-0.99 for the Viking data, with values of L and s, or k and g given
in Figures 3 and 4. These curves have propert ics which parallel the data: 1) F(D) approaches a
constant (k) as D approaches O; 2) the slope of F(D) increases continualy downward as D
increases; and 3) at large D, F(D) drops off sharply with increasing D.

Comparison of the exponential curves and the actual data shows that the fit curves
actually drop-off more slowly at large sizes than the actual data, and thus predict slightly more
area covered by large rocks than is evidenced by the data (Figure 4). This demonstrates that the
flexibility of the exponential function is limited. There are only two parameters; the pre-
cxponential measures the total rock coverage by rocks of all sizes, while the exponent determines
the rate of drop-off at large diameters. Note that the fits to the curves indicate that as D
approaches O, FJ(D) approaches 0.069 and F2(D) approaches 0.176, which provide estimates of
the total rock coverage by rocks of all sizes. Comparison of the exponential fit curves to the data
in non-cumulative histogram form show a reasonable fit to the actual number of rocks per
diameter bin (Figures 1 and 2). A comparison with the power-law function for Viking 2 (Figure
2), actualy shows a dlightly better fit than the exponential curves to the data in this form for
diameters larger than 0.2 m. Nevertheless, at diameters smaller than 0,2 m, the power-law

function significantly over-predicts the number of small rocks present (even if the function is cut




off a 0.1 m diameter as suggested by Moore). Given that the utility of a simple mathematical
representation must apply to the data equally well in histogram and cumulative number and
fractional area form, the exponential functions more closely represent the rock size-frequency

data at the two Viking sites than do power-law functions.

Relationships Between Cumulative Number and Area Functions

There is a certain mathematical inconsistency in fitting separate exponential curves to
both N(D) and F(D) for any site. For any given mathematical form for the N(ID) curve, there is a

corresponding theoretical F(D) curve, and vice versa. If the dN/dD curve is exponential, it

follows that ’
dN(D) = -LsesPdD (5)
ND) =1, ¢-sD (6)
dB(D) = -(r/4) Ls D2 ¢sP dD 7)
F(D) = (r/4) L esD { D2+ 2D/s + 2/s2) 8)

If exponential curves are fit to the Viking N(D) data as in equation 6, equation 8 can be used to
predict the corresponding F(D) curve. Using the results given in equation 8, we predict F(D)
curves as shown in equations 9 and 10.

Fi(D) = (3.82) ¢-1098D (D2 4+ 0.182D + 0.0166] )

Fo(D) = (3.79) e6.98D { D2 + 0.28611 + 0.0411) (10)
These curves fit the overall shape of the Viking cumulative area versus diameter data reasonably
well as shown in Figure 4, although they dlightly overestimate the cumulative area of rocks with

diameters less than about 0.5 m.

Viking 1 Far Ficld

The areas over which accurate stereoscopic measurements could be made of the rock
sizes near the sample fields of the robotic arms arc very small, resulting in very small samples of
rocks at large diameters [Moore and Keller, 1990, 1991]. At Viking 2, the surrounding terrain

has fairly low relief, so that it is extremely difficult to extract additional data from the far field. In



addition, large rocks are present within the near ficld (up to 1 m diameter) and the near and far
rock fields appear homogeneous (Figure 5). By contrast, the area surrounding Viking lander 1
slopes toward the lander, making it possible to examine the far field in some detail. In addition,
rocks larger than 0.5 m diameter arc not present in the near field and the near and far rock fields
appear quite heterogencous (compare the rocky area to the south of the lander in Figure 6 with
the drift-covered area to the northeast in Figure 7), with many large rocks present in the far field
(note "Big Joe”, al.5 m diameter rock is only 10 m from lander 1, Figure 7), As a result, an
attempt was made to estimate the sizes of rocks in the far field of the Viking lander 1 site to
better characterize the number of large diameter rocks.

Iistimates of the distances to several rocks in the far field have already been made
[10.8.G.S, 1982; Licbes, 1982; Moore et a., 1987), particularly those rocks perched on the rims
of nearby craters [Morris and Jones, 1980], as well as some notable nearby rocks such as those
named “Big Joe” and “Whale". In addition, the distances of rocksin the near field are known and
could be identified in the photographs. Using these far and near field distance estimates, rough
radial contours of distance were drawn on the lander image mosaics and a visual search was
made for- all large rocks in the extended field. 'The distance est i mate was used to determine the
largest dimensions of rocks from their measured apparent angular widths. The apparent
maximum angular width is the total width of the. rocks in silhouette, and usually included more
than one face of arock. The actual dimensions of a rock depend on the angle at which the rock is
oriented rel at ive to the cameras, For example, for rocks oriented at 45° the apparent width wili
include 0.707 times the sum of the lengths of two sides, and for rocks oriented at 60° it is 0.866
times the length of one side plus 0.5 times the length of the other side. Because separate length
and width could not be distinguished for far field rocks, rock “diameter” was taken as roughly
0.75 of the apparent maximum width. A total of 84 apparently large rocks were measured. Only
the 17 largest rocks, with diameters greater than 0.8 m, were retained, as the survey is
undoubtedly incomplete for smaller rocks. The effective area covered is roughly 20,000 m?

(Figure 8).




The location of large rocks in the far field of the Viking 1 siteis shown in Figure 8. 1t can
be seen that many of the largest rocks are concentrated near the rim of crater C, implying that the
largest rocks in the far field are cjecta. Figures 3 and 4 show the cumulative number and area
versus diameter data for both the Viking 1 near and far fields. Data were plotted for a 2000 m?
rectangle surrounding the large rocks at the rim of crater C and the sum of the near field plus the
remaining far field rocks in the 18,000 m? beyond the rim of crater C. To first order, given the
inherent uncertainties in estimating the sizes of rocks in the far field (estimated error in angular
width 5%, estimated error in distance +25%, estimated error in diameter +30%), the similarity
between the estimated frequency and area of all large rocks is rather similar to that predicted by
the exponential fit to the near field data at these larger diameters. The far field area data without
the 2000 m°crater rim is even more similar to that predicted by the exponential fit to the near
field data, Note that if rocks smaller than about 0.2 m diameter were added to the near field data
(covering up to 4% area as estimated by Moore and Keller [1990]), a worse fit to the larger
diameter rocks would result, which is the primary focus of this work. In any case, the
distributions are far below those predicted by the power-law functions (equations 1 and 2) at
these large sizes. The 2000 m? area around the crater rim appears to have a greater frequency and
area of’ large rocks, but nothing is known about the frequency of smaller rocks in this restricted
area, so it cannot be used to test the complete size-frequency rock distribution. At these large
sizes alone, however, the rock distributions appear similar to those measured near large impact

craters on the Moon (Moore et a., 1969; Hutton, 1969; Cintala and McBride, 1995).

EARTI1 ANAT.OG ROCK SIZE-FREQUENCY DISTRIBUTIONS

In this section, the distributions of rock sizes found on Mars arc compared with
distributions of rock sizes for a variety of rocky sites on the Earth, including: the Ephrata Fan, in
the Channeled Scabland of Washington; Mars hill in Dcath Valley; and volcanic (Goldstone)
and aluvia fan (Avawatz)surfaces in the Mojave Desert (data arc summarized in Table 1).

These surfaces are very rocky by nominal Earth standards. At each site a homogeneous arca,




t ypically 10 to 15 m on asidc, was surveyed (staked) and al rocks in the area were measured
systematically (each measured rock was marked with chalk). Two or three sub-areas within each
site were typically measured scparately to look for inhomogeneities in the rock distributions;
unusually large rocks relative to the areas measured were avoided for this reason (seec GDB 1,
M1 JNE/NE/SE and NW/S E/SW where one or two large rocks slight] y skew the distributions).
At most sites, the length, width and height of each rock were measured down to a minimum
dimension (t ypically ~1 cm). in general, there is a decrease in number of rocks at the smallest
one or two diameters in the measured data, which may represent a selection deficit and isof no
consequence, given that the cumulative size frequency data have reached a p] ateau before this
diameter isreached,

One area extensively surveyed is the Ephrata Fan in eastern Washington, which isalarge,
40 km long depositional fan where channelized (Grand Coulee) flood waters catastrophically
released from Glacial l.ake Missoula, debouched into the Quincy Basin at Soap 1.ake in the
Channeled Scabland [Baker, 1973; Baker and Nummendal, 1978]. This channel-fan arrangement
is analogous to Arcs Vallis and the Mars Pathfinder landing site, where the incised channel
debouches onto Chryse Planitia about 100 km south of the landing site [e.g., Golombek et al.,
this issue]. Rock frequency counts reported in this paper arc from the proximal coarse rocky
surfaces of the Ephrata Fan, restricted to areas within about 10 km of Soap 1.ake (Figure 9); areas
farther down the fan are predominantly sand and gravel. Four sites (sites EF 1-3 and 5) arc from
armored lag deposits in Rocky Yord Creek, in which rocks deposited in the fan arc significant 1y
concentrated by the removal of fines due to late stage drainage of the Quincy Basin [Baker,
1972], The other three sites arc less rocky surfaces on top of the fan and appear to have had more
glaciallocss deposited on them (silt mounds common).

A number of sitcs in eastern California were studied, particularly four areas of Mars Hill
in Death Valley (Figurc 10). Mars Hill is an abandoned alluvial fan on the eastern side of Death
Valley that has had much of the surface fines washed away, leaving an armored rocky surface.

Mars Hill (Figure 10) has long been referred to and used as a possible Earth analog since the




earliest Viking lander work [e.g., Mutchet al., 1977], even though virtually no data have been
collected to support this assertion. Two areas were measured in the field (M1 NE/NE/SE and
NW/SE/SW) with the length, width and height of al rocks >7 cm diameter cataloged.
Approximately 1000 rocks (down to about 5 cm diameter) were measured on vertical air photos
of roughly 1:100 scale at two other areas (M1 I NE/SE/SW and SE/NIE/NE).

Rocky surfaces at (wo other areas in the eastern Mojave Desert were also measured.
Avawatz is from the apex of an active alluvia fan on the castern side of the Avawatz. Mountains,
a currently uplifting range in the Mojave Desert. The Goldstone surfaces, in contrast, arc from
eroded volcanic surfaces in the JPI /NASA Goldstone Deep Space Network tracking facility.
Sites GDB 1 (Figure 11) and GDB2 are from the top of a Miocene basalt mesa in which blocks
have moved dlightly with sediment and dust filling in between. Site GDT3 is a Miocene tuff
breccia that was likely deposited as a debris flow, with large (up to 2 m diameter) rhyolite blocks
(McConnéll ct al., 1994). The tuff has been preferentially eroded leaving the rhyolite blocks on
the surface with sand and dust filling in between [ID. MacConnell, 1995, pers. comm.].

Figures 12 and 13 show the cumulative number and area of rocks versus diameter,
respectively, for a representative subset of the rocky surfaces described above, as wc]] as the
Viking sites for reference. The total rock coverage varies from 2-60% for the Ephrata Fan, 7,5-
25% for Mars Hill, and 10-60% for the eastern California sites. Even so, rock distributions for
the Earth sites have very similar shapes to the Viking sites (convex up), with a shallowing in the
cumulative number or area at small rock diameters and a sharp drop-off at large diameters, The
data from Mars Hill indicate that it is indeed a reasonable analog for the Viking sites. Rocks at
Mars Hill, however, have greater height/dian~ctcr ratios compared with rocks from the Viking
sites on Mars (0.6 versus 0.36 and 0.5, scc next section), so that Mars Hill actually represents a
more severe testing environment for rovers than appears to be likely for similarly rocky areas on
Mars. Data from all the Earth sites can be fit very well (correlation coefficients >0.90) with
simple exponential functions (Table 1). The fits to all the sites combined at Mars Hill and the

Ephrata Fan, indicate that the Ephrata Fan data tend to drop-off more slow] y at large diameter

-10-




than do Mars Hill and the Viking sites. Thisis duc to the relative scarcity of smaller rocks at the
Ephrata Fan sites compared to the Viking and Mars Hill sites, which produces lower intercepts at
small diameters for the Ephrata FFan (e.g., Figurcs 12 and 13). As a result, the curves for the
Liphrata Fan sites appear to bc shifted to the right (tolarger diameter rocks), which can be
explained by the locss covering most small rocks and partially covering large rocks of the
proximal Ephrata Fan sites; note that height/dian~ctcr ratios support this interpretation, varying
from 0.2 for the least rocky site (EF 6) to 0.5 for the rockiest site (EF 3).

Malin| 1989] plotted rock size-frcclucney distributions from 6 different rocky surfaces on
the Earth, including Icclandic catastrophic outflow deposits, Antarctic dry valley wall talus, and
Hawaiian volcanic ejecta. All areas he counted show the same shaped distribution of cumulative
fractional area covered by rocks versus diameter as was found at the Viking landing sites and the
Larth sites described in this paper. Even though the geologic processes responsible for the
formation of these surfaces appear to be different, the cumulative area versus diameter data on
log-log plots show the same shallow slopes at small diameter followed by steeper slopes at larger
diameters. The shape of the curvesis real and not an artifact of the counting technique because

Malin included sieve analysis of smaller rocks down to 1 cm diameter to accurately capture all

Si 7¢ rocks.

EARTH AND MARS ROCK SIZE-FREQUENCY DISTRIBUTION REI,ATIONSIIIPS

The similarity in shape of” rock size-frequency distributions at a variety of rocky surfaces
on the Earth and the Viking sites on Mars and the excellent fits of these distributions by simple
exponential functions can be explained by simple fracture and fragmentation theory. A wide
body of observational data has suggested that the size-distribution of materials (typically at small
sizes) expected from fracture and fragmentation would follow an exponential [e.g., Rosin and
Rammler, 1933; Gilvarry and Bergstrom, 1961]. This distribution results from the fragment sizes
expected from Griffith’s fracture criteria, in which failure occurs from propagation of ubiquitous

flaws and/or cracks in the material [e.g., Gilvarry, 1961], The theory predicts that the likelihood
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of finding boulders without flaws that would lead to brecak up into smaller pieces decreases
exponentially with increasing size. An alternate approach includes subsequent fragmentation due
to transport of materials [ Wohletz ct a., 1989; Brown and Wohletz, 1995]. This fitswell with the
observed ubiquity of joints and fractures in geological materials that would tendto break rocks
into meter sized and smaller blocks during weathering and transport [e.g., Pollard and Aydin,
1988; 1.adcira and Price, 198 J; Tanaka and Golombek, 1989; Crumpler, 1996]. Note that even
though power laws have been used to corrclate the distribution of rock sizes for a limited range
of diameters of rocks from the Moon and around impact craters on the Earth [e.g., Shoemaker
and Morris, 1969; Hutton, 1969; Moore et al., 1969; Hartmann, 1969], it seems theoretically
unreasonable to expect that the power law extends to large or small diameters, because it would
predict ever increasing numbers of smaller and smaller particles and many large particles, which
arc neither observed [e.g., Bagnold and Barndorff-Nielsen, 1980; Garvinet al., 1981] nor
predicted [Gilvarry, 1961].

Because the theory is fairly independent of geologic process, it can explain the size
distribution of rocks observed. On Mars, the rocks at the Viking 1 site arc thought to be a
partiall y covered and eroded lava flow surface,’ although ejecta from craters and flood deposits
have also been suggested from the apparent diversity of rock types at this site [Binder ctal.,
1977]. Viking 2 rocks arc likely cjc.etafrom the nearby large crater Mic [Mutch et al., 1977]. The
Earth sites formed from a wide variety of geologic processes, yet all distributions can be fit well
by simple exponential functions. The size-frequency distribution may follow a dlightly more
complicated exponential function in which the diameter in equations 3 and 4 is raised to solnc
power n, which is aform of a Weibull distribution [ Wohletz et a., 1989; Brown and Wohlctz,
1995]). These function parallel simple exponentials, except that they drop-off more sharply at
large diameter for n>1. As mentioned earlier, there is some evidence for this behavior at the
larger diameters in the Viking and Earth cumulative area distributions (Figures 4 and 13).

However, the fact that simple exponential.s alone provide excellent fits to the data (correlation
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coefficients >0.9) suggests that if a best fit were made to an exponential of argument D", the

power n would not range far from onc for most sites.

GENERALIZED EXPONENTIAL CURVES AND DIAMETER-HEIGHT REI.A TIONSHIPS

The Viking data, as well as data from various Earth sites suggest that the curves of
fraction of surface covered by rocks with diameters equal to or greater than some value D for
various total rock coverage fractions might be expressible in the general form:

Fr(D) = k exp(-q(k) D} (11)
in which k is the cumulative fraction of surface covered by rocks of all sizes or the total rock
coverage, and q(k) is the exponentia factor, which defines the rate of drop-off in the exponential
function at large rock diameters. For Viking landers 1 and 2, the best fits to the data are q(0.069)
= 4.08 and q(O. 176) = 2.73, respectively. If wc assume that there is a smooth variation in the
Fx(D) curves from one value of k to another, wc can extrapolate these results to other values of k.
To do this, wc must first seek an equation to define g as a function of k. Clearly, g must decrease
as k increases, because the family of curves Fi.(D) pushes upward and to the right as k increases.
We define a function of the form shown in equation 12, and fit this to the two points
corresponding to the Viking sites.

q(k) = (A + B/K) (12)
After fitting to the Viking data, the result was q(k) == (1.79 -t-O. 152/k). This function satisfies the
requirement that it gives the correct values of g(k) for the two Viking sites, athough a variety of
other similar functions would produce virtually the same result because the extrapolation of k
occurs over a very small range (0.02-0.3). Indeed other functions have been tried and tiley
produce only modest changes in the family of curves of Fk(D) for various k. This family of
curves is non-crossing, and of similar shape, as wc have observed for the Viking sites and a
variety of Earth sites as well (Figure 14).

For the Viking sites, the height of each rock was plotted against diameter in Figurc15.
Thelinear |least-squares best fit at Viking lander 1 for the near field datais:
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11=0.365 D + 0.008 (13)
which is identical to the fit for the near and far field data combined, and the best fit at Viking
lander 2 is:

1 =0.506 D + 0.008 (14)
showing that rocks at the Viking 1 site have heights that average to -3/8 their diameter, and at
the Viking 2 site the heights average to - 1/2 their diameter. We can convert from the
indcpendent variable D to the independent variable H using a generalized relationship between H
and D.

H=(0.25+14K) D (15)
Note that in addition to matching the observed average height diameter ratios at the two Viking
sites, H/D is estimated to be 2./3 when k = 0.3. Thus equation 15 is a relationship that forces the
H/D ratio to vary from 0.32 for arelatively rock-free area with k = 0,05, to 0.67 for a very rocky
area with k = 0.30. This implies that rocks at rockier sites tend to be higher (relative to their
diameters) than rocks at less rocky sites, which effectively simulates progressive burial of rocks
at less rocky sites by sand and dust [e.g., Christensen and Malin, 1993]. Equation 15 therefore
embodies the concept that the burial of rocks by fine material is more extensive at less rocky
sites, Inverting equation 15 and substituting into equation 11, wc obtain an expression in terms of
H:

Fr(H) = k exp{-p(k)H} (16)
inwhich p(k) = (1.79 + O.152/k)/{0.25 + 1.4 k} . The curves of 1~~(11) for various k are as shown
in Figure 16, The expressions for F(H), like those for F(D), arc conservative estimates in that
they overestimate the height of large rocks at the Viking sites. Figure 16 demonstrates, however,
that at the Viking 1 site, less than 0.1 % of the surface is covered by the highest rock of only 0.2

m. At the Viking 2 site, the highest rock is 0.5 m, covering Icssthan 1 % of the surface.
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RELATIONSHIP OF VIKING ILANDER DATA ‘1’0 OTHER AREAS ON MARS
Background

Even thoughthe size-frequency distribution of rocks on Mars has been determined
directly only at the two small Viking landing sites, remote sensing data have been used to model
rock abundances on Mars, Specifically, the Viking infrared thermal mapper (I RTM) observations
have been used to determine the surface rock abundances over broad 10 latitude by 10 longitude
areas on Mars [Christensen, 1986]. The rock abundances arc calculated from the temperature
contrasts in the measured bands of the IRTM. Results indicate total abundance or surface area of
rocks greater than 10-15 cm diameter versus fine component materials such as soil, dust or sand
[e.g., Moore and Jakosky, 1989; Christensen and Moore, 1992] and arc believed to be accurate to
about 20% [Christensen and Malin, 1993]. Rock abundances calculated in this fashion indicate a
unimodal Poisson distribution over the planet with minimum abundances of 1%, maximum
abundances of 30% and a mode of about 6%. To first order, most of Mars is relatively free of
rocks, although no areas on Mars arc totally rock free on the scale of the IRTM measurements. In
contrast, the Viking landing sites are uncharacteristically rocky sites on Mars, with the IRTM
measurements indicating that Viking 1 and 2 arc in the 50th and -95th percentile of rockiness of
the planet, respectively [Christensen, 1986; Moore and Jakosky, 1989; Christensen and Moore,
1992],

Extrapolation of IRTM rock abundances at the scale of tens of kilometers to rock
frequency distributions at a scale of Icssthan a meter ishighly uncertain. It is not known if arock
abundance indicated by the IRTM measurements represents a series of benign outcrops (e.g.,
over 4% of the surface of the Viking 1site) or a distribution of hazardous rocks. Nevertheless the
approach has been suggested previously in the literature [e.g., Moore and Jakosky, 1989] and has
been used by the engineering community. Given these large uncertaintics, wc believe our model
rock abundances arc reasonable and conservative estimates for the following reasons. First, the
exponential function used to model the distributions is common to surfaces formed from a wide

variety of processes and is expected from basic failure and transport theory [Gilvarry, 1961;
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Wohletz et al., 1989]. Second, model abundances assume that all of the IR'TM rock abundances
arc composed of hazardous rocks (no outcrops). Third, model abundances drop-off more slowly
at large diameter than the actual data (e.g., compare the total Mars Hill and Ephrata Fan
exponential fits with individual site data in Figure13 and the Viking site data in Figures 14 and
16). Lastly, deviations of individual site data (Figures 4 and 13) from the model predictions of
moving up and to the right with increasing k on Figures 14 and 16, are toward faster drop-offs at

larger diameters with increasing k rather than slower drop-offs.

Model Rock Abundance Distributions on Mars

If we can make the rather far-reaching assumption that the Viking rock frequency
distributions are representative of genera) rock frequency distributions on Mars, then the derived
rock abundance from the IRTM data for any site on Mars can be used to identify the total
cumulative fractional area of rocks (i.e., the Ieft hand side of the cumulative area versus diameter
curves). This is consistent because the rock abundances arc determined for 10 cm and larger
blocks on the surface. At this diameter, the cumulative fractional area versus diameter plots tend
to flatten out, approaching their total fractional area of rock coverage at smaller diameters
(Figure 4). As aresult, wc can usc the rock abundance from the thermal inertia data (Christensen,
1986) as k in equation 11 and derive q(k) from equation 12 for any rock abundance value,
thereby allowing us to crudely estimate the si?,c-frequency distribution of rocks at any location
on Mars.

This calculation is conceptually equivalent to Christensen and Malin's [ 1993} suggestion
that rock abundances on Mars reflect the. thickness of mantling fine material. In this simple
model, the maximum rock abundances occur in arcas with no mantling sand or dust, and less
rocky areas arc mantled by progressively greater thicknesses of dust (up to 1 m thick). The
curves shown in Figures 14 and 16 arc derived in the same spirit as this assumption. The
maximum rock coverage of -30% rocks is represented by the upper-right curve, which when
covered with up to 1 m of dust would produce. the parallel curve in the lower left of about 2%

rock coverage. Areas with intermediate rock abundances would behave roughly like those shown
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in Figures 14 and 16, namecly that as the total rock coverage diminishes, the distribution curves
will retain the same generic shape but will move downward and to theleft. In addition to the rock
abundance changing in this manner, the height of rocks also changes systematically withtotal
rock abundance according to equations 15 and 16 such that rockier areas tend to have relatively
higher rocks and less rocky areas tend to have lower rocks measured as fractions of diameters.
As aresult, our model of rock heights is also consistent with Christensen and Malin’s modc] of
sand and dust mantling less rocky areas, thereby decreasing the rock height for any diameter in
less rocky areas. These functions and curves define the total size-frequency distribution of rocks
on Mars at any location in terms of number, diameter and height, which canbcused for

engineering assessments of probability y of hazardous landing for a given lander configurate ion.

DISCUSSION AND CONCILUSIONS

In this paper, the size-frequency distributions of rocks at the Viking landing sites arc
analyzed, with special reference to large rocks that could be hazardous to future landers on Mars.
The rock data plotted in either cumulative number per square meter or cumulative fractional area
versus diameter at both Viking sites have very similar overall shapes, displaying a convex-up
curved shape on log-log plots that can be fit very well with simple exponential functions. The
rock data do not appear linear on log-log plots over wide ranges of diameter, so that fits using
power-law functions (commonly used to fit crater size-frequency data) severely overestimate the
frequency and fractional area covered by both large diameter and small diameter rocks. The size-
frequency distributions of rocks found at a wide variety of rocky surfaces on the Earth, which
formed from an equall y wide variety of geologic processes, appear to have similar overall shapes
and can be fit very well with simple exponential functions. Exponential sizc-frequency
distributions are, in fact, predicted from fract ure and fragmentation duc to transport theory which
provides a physical basis for their wide application.

The consistency of the size-frequency rock distributions found on the Earth and the two

Viking landing sites suggests that similar shaped rock size-frequency distributions might be
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applicable to other areas on Mars. Fits to the Viking lander cumulative fractional area of rocks
versus diamecter data were made at both sites with a gencral exponentia function, in which the
pre-exponential constant describes the total area covered by rocks at the site and the exponent is
rock diameter times a simple function of the pre-cxponential constant. Simple linear height
versus diameter relationships were also derived at the two Viking sites, which suggest that less
rocky areas on Mars have lower height/dianictcr ratios than rockier areas. lHeight was then
substituted into the general exponential function derived for diameter, which yielded an
exponential function describing the cumulative fractional area of rocks versus height.

Viking thermal inertia measurements and models developed by Christensen [ 1986] have
been developed to estimate the fractional surface area covered by rocks with high thermal inertia
(greater than about 10 cm diameter) versus smaller particles, such as sand and dust, with low
thermal inertia. These estimates indicate that rock coverage on Mars in the 10 latitude by 10
longitude remotely sensed areas displays a Poisson distribution, with a mode of only 6% rocks, a
maximum of 30%, and a minimum of 1 % rock coverage. Because the cumulative fractional area
covered by rocks of 10 cm diameter and larger is fairly close to the total rock coverage, it has
been used as the pre-exponential constant in the genera] exponential function fit to the Viking
lander rock data to describe the cumulative fractional area versus diameter or height at any
location on Mars.

Results indicate that most of Marsis rather benign with regard to hazards from landing on
large rocks, The estimates of rock coverage by Christensen [ 1986] suggests that 50% of Mars has
rocks covering only 8% or less of its exposed surface. For total rock coverage of 8%, about 1-2%
of the surface is covered by 20 cm or higher rocks. The Viking 1landing site is covered by less
than 8% rocks (without the outcrops), so that only 1 -2% of the surface is covered by rocks higher
than the clearance (22 cm) provided by its legs [Soffen, 197 7]. Because about 50% of Mars is
covered by <8% rock coverage, Viking could have been sent to about half of the surface of Mars
with 1 -2% of the surface covered by rocks higher than its surface clearance. In contrast, a lander

with a surface clearance of 35 ¢m could land on a surface covered by 12% rocks, with 1 % of the




surface covered by 35 cm or higher rocks. Yor this example, roughly 70% of Mars has 12% or

less rock coverage. linally, the Mars Pathfinder lander air bag system is designed to
accommodate landing on 0.5 m high boulders. Such a landing system could land on a surface
covered by about 20% rocks, similar to the Viking 2 site (which is rockier than -95% of the

planet), with roughly 1 % of the surface covered by rocks of 0.5 m or higher.
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‘1'able 1. Rocky sites measured on Earth.

Site 1 .ocation Arca|Sub |No, of | Tota k |qk)| r | Comments
(m?) | Arcas | Rocks | Rock
— |Coverage

293 18% | .36]1.47| .93 [ 8 mi SSY: of SI.*

BE1 [T20NR271: SANW | 154
59 | 26% |.31| 51| .95]9.5 miSSE of SL*

B2 [T20NR27E SONE | 334
BF3 | T2INR27ESI7NW | 158 | 603 | 59% | .65].341[.95| SmiSSE of §.*

EFS T2INR27E S6 C 261 504 25% 28| .36 | .96 [ 2.5 miSof S1.*
Ll‘6 T2INR27ES6 SW | 334 138 1.8% |[.02] .90 | .95 [3mi Sof SL*

’%
3
4
b4 T2INR27E ST NW | 373 2 228 3% 041 1.02] .95]3.5miSof SL.*
2
2
2

V7 T2INR26E S35 SE | 232 713 4.8% |.06]1.98].94]8.5miSof SI.*

MH NE of SE of SW 210 ] 1020 22% | .29| .97 | .95 | From Airphoto
MH SE of NE of NE 210 | 917 10%__|.18 2.75] .99 | From Airphoto
M NE of NE of SE 149 1 277 7.5% |12 1.9 ].98 [4#
MO [Nwofskofsw | 74 | | | 160 | 22% |.27| .58|.99|"

GDBIN | TI14N R1E S14 NW 82 707 34% 5l | Le#l .98
GDBIS [ T14N R1E S14 NW 82 412 11% 313.89].97

1

]
GDB2 | T2IN R27E S6 SW 39 ] 391 57% 1,0[1.58] .98
GDT3 |TIANRIESIINW | 93 2 438 48% .60 .55 | .96

Avwiz. | TISNRGES32SE | 149 | 1 80 | >20% | .28| 89| 101

* SI. = Soan Lake

#MHisat’ 36°23’ N, 116°51’ 15” W, site location refers to portion of area surveyed during
Mars Rover Sample Ret urn Developmental 1 ‘light Project

q only 20.3m Av. Dia. Rocks Measured

k, (k) from equation (1 1) and r (correlation cocfficient) arc from least squares exponential fit to
data plotted at each diameter

FIGURE CAP' 1'10NS

Figure 1. Histogram showing number of rocks of each diameter (measured to nearest cm) at
Viking lander 1. Binned data and the exponential fit arc also shown, The exact method of
binning the data has no effect on the outcome..

Figure 2. 1 listogram showing number of rocks of each diameter (measured to nearest cm) at

Viking lander 2. Binned data and the exponential fit arc shown; power law function
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suggested by Moore and Jakosky [ 1989] and Moore and Keller [1990] for rocks greater
than 0,1 m diameter atthe Viking 2 site is also shown,

Figure 3. Cumulative number of rocks versus diameter of the near fields of the Viking sites and
the far field of Viking 1. Least-squarc exponential curves for every rock at Viking landers
1 and 2 (equation 3); 1.1=5.61,s1=12.05; 1.,=6.84,52=8.30 with correlation coefficients
(r) of’ 0.99 and 0.98, respectively, indicate excellent fits to the data. Dotted line is
exponential fit to Viking 1 near and far field data (1.=3.37, s=2.83,1=0.94). Dashed line is
cxponential fit to near plus far field without the crater rim data (1.=3.82,5=3.38,1=0.94).
Straight line is a power-law function for Viking lander 2 (equation 1), suggested by
Moore and Jakosky [1989] and Moore and Keller [ 1990] for rocks with diameters greater
than 0.1 m.

Figure 4. Cumulative fractional area covered by rocks versus diameter for the near fields of the
Viking lander sites and the far ficld of Viking 1. Least square exponentia curves for
every rock (equation 4) (k;=0.069,q;=4.08;k=0.176, q2=2.73), with correlation
coefficients of r; =0.96 and r2=0.99, respectively, indicate excellent fits to the data.
Dashed line is exponential fit to Viking 1 near and far field data (k=0.061, g=I .26,
r=0.96). Dash-dot-dash line is exponential fit to near plus far field without the crater rim
data (k=0.065, g= 1.58, r=0.96). The dotted lines are derived from exponential curve fits
to N(D) as shown in equations 9 and 10. Straight line is a power-law function for Viking
lander 2 (equation 1) suggested by Moore and Jakosky [1989] and Moore and Keller
[1990] for rocks with diameters greater than 0.1 m.

Figure 5. Mosaic of images of Viking lander 2 surface looking towards the northeast. Surface is
both of low relief and the rock ficld is visually homogeneous. Two large, mecter diameter
rocks (marked 1.R) are included in the near ficld data. No attempt was made to extract far
field data from the images at Viking lander 2.

Figure 6. Mosaic of images of Viking lander 1 surface looking towards the south. Surface slopes

towards the lander so that rocks on the horizon marked 1.R arc about 80 m away,




Figure

Figure

indicating they arc about 2 m in size.Scene shows a moderately rocky plain with

outcrops in the middle distance (OC). The sizes of rocks in the far field were estimated
from their apparent distances.

7, Mosaic of images of Viking lander 1 surface looking towards the northeast. Note the
much less rocky appearance and the preponderance of drift material compared with the
region to the south (Figure 6). The large boulder in the center of the image is"Big Joe”
(BJ); it is 10 m away from the lander and about 1.5 m in diameter. “Whale” (Wh), to the
upper right of the scene, is about 2 m in diameter and about 25 m away, These rocks were
included in the estimates of far field rock abundance at this site.

8. Map view of Viking 1 far field showing positions of nearby craters, the small near-
field, and positions and diameters of the largest 17 rocks in the far field. Dots, large
circles, and rectangles with rounded corners arc rocks of 0.8-0.9m, 1.0-1.9m, and 2.0 m

or larger in diameter, respectively.

Figure 9. Photograph of site EF3 on the Ephrata Fan in the Channeled Scabland of eastern

Figure

Washington where rock size frequency measurements were made, This site is the rockiest
part of the proximal portion of the fan (60% of the surface is covered with rocks), where
rocks have becn significantly concentrated in an armored lag. Note typical (lower) rock
concentrations in the distance and the largest rock (“monster rock”) carried by the
catastrophic flood waters (18 x 11 x 8 m) in the rear right; people (Jim Rice and Ken
Edgett) and car for scale.

10. Surface photograph of rocky portion of Mars Hill in Death Valley, California (over
20% of the surface is covered by rocks). Site has long been considered as an analog for
the surface of Mars duc to its stark visual similarity, even though this paper presents the
first quantitative data to support this assertion. The surface is an abandoned aluvial fan in
which large rocks have been concentrated as a lag by subsequent removal of the finer
matrix. Person to the right for scae, Don Bickler is the designer of the Pathfinder

microrover mobilit ySystem.
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Figure 11. Surface photograph of site GDB 1 N, which is an eroded Miocene basalt in the
Goldstone Deep Space Network complex in the Mojave Desert of eastern California. This
area has 34% of its surface covered by rocks, making it much rockier than the Viking 2
sitc. Note people for scale and chalk marks on measured rocks.

Figure 12. Cumulative number of rocks versus diameter at a representative number of the various
Earth analog sites and for the Viking lander sites. The data marked EF Total and
MH:TOT arc for the sum of al Ephrata Fan sites and Mars Hill sites and the dashed
curve (L=1.44, s=3.96, r= 0.98) and solid curve (I =4.78,s=3.06, r= 0.98) arc their
exponential fits (to every rock), respectively.

Figure 13. Cumulative fraction of surface area covered by rocks versus diameter for a
representative number of the various Earth analog sites and for the Viking lander Sites.
The data marked EF Total and MH:TOT arc for the sum of all Ephrata Fan sites and Mars
Hill sites and the dashed curve (k=0. 17, q=0.57,r=0.99) and solid curve (k=0.1'7, q=0.95,
r=0.99) arc their exponential fits (to every rock), respectively.

Figure 14. Model of curves of cumulative fractional area covered by rocks of diameter D or
greater versus diameter corresponding to equation 11 with equation 12 used for q(k). The
range of total rock coverageis 0.3,0.2, 0.1, 0.05 and 0.02.

Figure 15. Rock height versus diameter at the near field of the Viking 1 and 2 sites and at the far
field of Viking 1. Least squares linear fit is H = 0.365 D + 0.008 (r=0.84) and H = 0.506
D + 0.008 (r=0.78), respectively. Thus the average height of arock at the Viking 1 and 2
sites is roughly 3/8 and 1/2 of its diameter, respect ivel y. Adding the far field data to the
near field for the Viking 1 site yields the same relation (1= 0.3591) + 0.009, r=0.95).

Figure16. Family of curves of cumulative fractional area covered by rocks of height H or greater
versus rock height corresponding to equation 16. The range of total rock coverage (O. 3,

0.2,0.1,0.05 and 0.02) corresponds to those indicated by thermal inertia data and models.
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